Introduction
Geobacter species have been placed in the Geobacteraceae family which falls under the -Proteobacteria class. They are found in abundance where Fe(III) reduction is important, and these reductions play an important role in bioremediation [1] . These species have the ability to transfer electrons directly to electrodes or metals without any electron mediators and as a result they produce electricity or precipitate soluble metals [2, 3] . Geobacter species are involved in a variety of environmental friendly actions like bioremediation, electricity production, and so forth [2, 4] . Geobacter species till now have shown higher current production compared to other organisms, and these species are found to be having nanowires, which allows it to reach distant electron acceptors, and in turn helps in making a microbial fuel cell easier [5] . Geobacter species which are a strictly anaerobic organism also proved to be having the ability to grow in low oxygen concentrations, and this has effects on this organism's growth in the subsurface environment [6] .
As there is an increase in genome sequencing and thus the availability of whole genome data of many microorganisms, comparative genome analysis provides valuable information and these comparative analyses help in annotating the protein function and understanding evolutionary relationships. Comparative genome analyses have been achieved through various ways like pairwise or multiple genome comparisons or through local or global alignment methods. Computational application of these algorithms plays an important role in comparative analysis, and comparison of genomes provides information about conserved and unique genes across these genomes [7] . By identifying homologous genes through pairwise comparison with the closely related species, the hypothetical proteins can be functionally annotated [8, 9] . Phylogenetic analysis between the organisms provides a profile through which the relationship between these organisms 2 ISRN Computational Biology can be identified. Since these organisms are in a way evolved by adapting to their environmental conditions, by analyzing these phylogenetic profiles, the evolution of these organisms can be inferred [10] . An evolutionary based comparative study has been carried out by Butler et al. which showed the relationship based on evolution between Geobacteraceae species [11] .
The whole genome sequence data of Geobacter spp. are provided in public databases, and comparative genome analysis provides insights into their metabolism. This analysis provides information about the conserved gene across the Geobacter species and the metabolism involved and their evolution, and we also predicted the function of hypothetical proteins in G. sulfurreducens PCA. Here, we compared the genomes of 7 Geobacter species specific to G. sulfurreducens PCA for which the whole genome data are available in the NCBI database [12] . A pairwise comparison tool was built specifically for these 7 species, where the output interface provides information about common and unique genes. The 7 Geobacter genomes compared in this work are G. sulfurreducens PCA, G. bemidjiensis Bem, G. sp. FRC-32, G. lovleyi SZ, G. sp. M21, G. metallireducens GS-15, and G. uraniireducens Rf4. To know the relationship between these bacteria, a phylogenetic tree was built from the 16S rRNA of these genomes. And to analyze the evolutionary relationship, a tree was constructed for acetate kinase protein, a protein involved in acetate metabolism which is also conserved in all these species. Acetate kinase enzyme is involved in phosphorylation of acetate and ATP with the formation of acetyl phosphate and ADP. This process is linked to central carbon metabolism which is very important in energy production of an organism.
Materials and Methods

Genome Data.
The genome data of the 7 Geobacter species were obtained from the NCBI genome database in 2012 [12] . The genome information like genome length, gene content, GC%, and coding genes for each species was also obtained from the NCBI.
Geobacter Comparative Genomics
Tool. Geobacter Comparative Genomics Tool (GCGT) has been built for pairwise comparative analysis of Geobacter genomes. Currently, this tool consists of all the 7 Geobacter species. This tool is part of an in-house tool, MCGT tool, which has 1205 organisms in total. GCGT is written in Perl script and runs on an Apache web server. GCGT takes total protein sequences, in fasta format, from two different organisms and aligns all sequences based on a local alignment program. The FORMATDB and BLASTALL programs are used to automate the task of sequence comparison for a given -value. The corresponding BLAST [13] output is parsed by a Perl program that extracts information like accession number, protein name, score, -value, identity, similarity, and individual alignment patterns for each homologous gene. The output is given in the form of tables showing homologous and nonhomologous sequences between the compared genomes. http://mcgt.bioinfo.au-kbc.org.in/GCGT/.
Functional Genomics and Gene
Reannotation. Annotation of hypothetical proteins of G. sulfurreducens was carried out based on the results obtained. Each Geobacter species was run against G. sulfurreducens at an -value of 0.0001 and, based on the results obtained, the function of hypothetical protein was predicted. The core genome across the Geobacter species was identified by running a Macro program which identified the common reference sequence IDs of G. sulfurreducens species among the homolog's obtained from comparing with the other 6 Geobacter species in the GCGT tool. For the identified core genome genes, the pathway information was obtained using UniProt [14] . And also comparisons of protein coding genes, GC content, and various aspects of genome of the Geobacter were carried out.
Phylogenetic Analysis.
A Phylogenetic analysis was done for 16S rRNA of the 7 Geobacter species to identify the relationship between these bacteria. The 16S rRNA protein sequence of 7 Geobacter species was obtained from the genome data downloaded from NCBI, and multiple sequence alignment of these proteins was carried out using ClustalX [15] . Phylogenetic tree was constructed using PHYLIP [16] package. Neighbor-joining method was used to construct phylogenetic trees, and a bootstrap analysis (1000 data resamplings) was used to determine levels of branch points obtained in neighbor-joining analysis. A consensus tree was developed using CONSENSE program, and the tree was viewed using Archaeopteryx [17] visualization software. To study the evolutionary relationship, a tree was constructed for acetate kinase protein, which is involved in acetate metabolism in Geobacter and also conserved across the 7 Geobacter genomes.
Results and Discussion
Pairwise Comparison.
The pairwise comparison is one of the important methods of comparing microbial genomes. This method was used in identifying the list of genes which are homologous between the compared organisms. The interpairwise comparison between the seven Geobacter species genomes carried out at an -value of 1 × 10 −5 provided the homologous and specific genes between these genomes (Table 1) . A high similarity between Geobacter species of G. sulfurreducens PCA and G. metallireducens GS-15 was found based on pairwise comparison. The similarity was in the range of 80%, and the least similarity was found between G. sulfurreducens PCA and G. lovleyi SZ which was in the range of ∼60%. The other Geobacter genomes showed similarity with G. sulfurreducens PCA in the range of 65-70%. These data were used for the functional annotation of hypothetical genes in G. sulfurreducens PCA which is used as a reference organism in the comparative analysis.
The protein sequences which descend from a common ancestry will have the same function [18] . Based on the conserved genes across the Geobacter genomes, the functions of 74 hypothetical genes have been predicted (Table S1A in enzyme which is involved in the cellular metabolic process, membrane protein which plays an important role in the maintenance of concentrations of ions, type-IV pilus assembly PilZ that helps in transport (NP 952245.1), which transports with the help of a transporter or pore within a cell or between cells, and FAD dependent oxidoreductase (NP 952174.1), an enzyme involved in oxidation-reduction process.
Core Genome.
The genes identified from the genomes are analyzed for their conservation across the seven Geobacter genomes. This concept is used for studying the genomic relationship among the bacteria [19] . Here, we have identified the core genome of seven Geobacter genomes which was about 2184 genes (Table S1B ). These core genome proteins are classified according to their functional information (Table 2) . This core gene contains essential genes which code for transcription, translation, and various metabolic proteins. The core genes contain high number of membrane proteins, electron transport proteins, and efflux proteins which are involved in the electron transfer mechanism indicating the high rate of electron transfer in these organisms.
Genome Length and GC Content. The 7
Geobacter genomes show a considerable size variation. These variations in the size of bacterial genomes have been studied by Ussery and Hallin [20] . The genome of G. uraniireducens Rf4 is the largest with a size of 5,136,364nt and with 4358 protein coding genes. This G. uraniireducens Rf4 exhibits a slow growth rate and it also has long flagella [21] . The smallest is G. sulfurreducens PCA which has a genome length of 3,814,139nt and 3428 protein coding genes. The GC content is very important for a small organism and even small change in a base composition affects the coding regions [22] . The GC content of Geobacter organisms is in the range of 25%-75% (Table 3) .
Phylogenetic Analysis.
Phylogenetic tree was constructed using the 16S rRNA of Geobacter genomes to study the relationship among these bacteria. The 16S rRNA is used for taxonomic purposes and identifying new classes of bacteria [23] . Butler et al. have constructed phylogeny tree based on 697 ortholog proteins among six Geobacter and a Pelobacter species [11] . Here, the tree based on 16S rRNA provided the relationship between these 7 organisms ( Figure 1) . We found that G. sulfurreducens PCA and G. metallireducens GS-15 are very closely related. The species G. uraniireducens Rf4, G. bemidjiensis Bem, and G. lovleyi SZ are separated by a clade. A tree was also constructed based on the acetate kinase protein NP 953752.1 which is involved in acetate metabolism (Figure 2 ). Acetate is a primary electron donor for G. sulfurreducens PCA, and the anode electrode acts as an electron acceptor [24] . When G. sulfurreducens is grown with acetate as a substrate, the enzyme acetate kinase phosphorylates [25] , and these findings will be helpful in studying the evolution of Geobacter sulfurreducens PCA.
Conclusion
As the continuous increase in genomic data of Geobacter bacteria is available, comparative and functional analysis becomes essential. As these Geobacter spp. play a very important role in bioremediation and various environmentally important activities, they need to be analyzed carefully to identify the various aspects of their genome. Comparative analysis is one of the important methods in analyzing the sequence data obtained from databases. A pairwise comparison of the whole genome of six Geobacter species with G. sulfurreducens yielded homologous sequences between them and also genes specific to particular organism. This comparative analysis also helps in systems biology to fill the holes in pathways. The core genome of Geobacter was also identified and classified based on the pathway information. Based on the conservancy of genes, the functions of 74 hypothetical genes were predicted. The relationship between these Geobacter species was studied using 16S rRNA. Figure 2 : A neighbor-joining tree for acetate kinase protein conserved across Geobacter species. This tree shows the relationship between various families of bacteria and Geobacteraceae family. The Deferribacteraceae and Spirochaetaceae families are found to be closely related to Geobacteraceae family.
adopted different strategies to oxidize organic compounds. This evolutionary study indicates that these bacteria ancestors had organic compounds as substrate. These results will be useful in finding similarities and differences in the seven Geobacter spp. taken for the study and it helps in better understanding the genes involved in electricity production and bioremediation process.
